Introduction
============

Polysaccharides are important biopolymers and have been used in the food and medicine industries for many years.[@b1-ijn-11-4891] Pachyman (PHY) is a fungus polysaccharide extracted from the sclerotium of the fungus *Wolfiporia extensa* (previously *Poria cocos*), which is one of the most important herbs in the People's Republic of China and many other Asian countries.[@b2-ijn-11-4891] Similar in structure to starch and cellulose, PHY is a naturally occurring linear polysaccharide, composed of ribose, arabinose, xylose, mannose, glucose, and galactose in molar concentrations of 1.49, 1.17, 0.62, 10.34, 86.39, and 1.31 µmol/L, respectively.[@b3-ijn-11-4891],[@b4-ijn-11-4891] The carbohydrate chain generally consists of β-[d]{.smallcaps}-(1→3)-linked glucose units with a small number of β-(1→6)-linked branches and has a molecular weight ranging from 64.6 kDa to 4,360 kDa.[@b5-ijn-11-4891]--[@b8-ijn-11-4891] Studies have shown PHY to have pharmaceutical value, as it has diuretic,[@b9-ijn-11-4891] mitogenic, complement-activating, anti-inflammatory,[@b10-ijn-11-4891] and immunoactive properties. PHY also has a number of beneficial physicochemical properties that make it suitable for widespread applications in drug delivery systems.[@b11-ijn-11-4891]--[@b13-ijn-11-4891] Poly([d,l]{.smallcaps}-lactic acid) (PLA) is a biodegradable polymer approved by the US Food and Drug Administration (FDA) for drug delivery,[@b14-ijn-11-4891],[@b15-ijn-11-4891] and studies have shown it to be a good carrier for drugs, proteins, and DNA.[@b16-ijn-11-4891]--[@b19-ijn-11-4891] The favorable physicochemical characteristics of PLA, including safety, biodegradability, biocompatibility, stability, and lack of intrinsic immunogenicity, make it a suitable candidate for drug delivery application as a vaccine carrier.[@b20-ijn-11-4891],[@b21-ijn-11-4891] Drug delivery plays a vital role in medicine and health care. Studies have shown that nanospheres can improve the stability of active substances and be compatible with tissues and cells when synthesized from biocompatible and biodegradable materials.[@b22-ijn-11-4891] Encapsulation of drugs into PLA nanospheres has been successfully achieved by double emulsion techniques,[@b23-ijn-11-4891] with enhancement of response activity.

Optimization of analytical procedures, in which one or more responses are affected by several factors and their interactions, is commonly performed using response surface methodology (RSM).[@b24-ijn-11-4891] It has been reported that use of RSM can reduce the number of experimental trials needed and allow evaluation of the interactions between multiple parameters.[@b25-ijn-11-4891] In RSM, the objectives are to find the combination of factors that yield the optimum response and to provide a mathematical model for establishing statistical predictions.[@b26-ijn-11-4891] The Box--Behnken design (BBD) is one popular form of RSM, and as it appears to be more effective than many of the other forms, it is now acknowledged as one of the best statistical and analytical models for RSM.[@b27-ijn-11-4891],[@b28-ijn-11-4891] In the present study, PHY-loaded PLA (PHYP) nanospheres were prepared by double emulsion solvent evaporation, and the preparation was evaluated by RSM to identify the optimum conditions. The variables (concentration of poloxamer 199 \[F68\] \[w/v\], concentration of PLA \[mg/mL\], and ratio of PLA to drug \[w/w\]) in the PHYP nanospheres preparation process were investigated and optimized using BBD (three factors and three levels). In addition to evaluating the characteristics of PHYP nanospheres, splenocyte proliferation in vitro was measured in order to compare the immunological enhancement activity of PHYP nanospheres with PHY and other control preparations, using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) tetrazolium reduction assay.[@b29-ijn-11-4891] The aim of this study was to obtain immunological enhancement of PHY using the PLA delivery system.

Materials and methods
=====================

Materials
---------

PHY (75%, catalog no CY150310) was procured from Shaanxi Ciyuan Biotechnology Co., Ltd. PLA with a carboxylic end group (MW 50 kDa) was acquired from Shandong Daigang Biotechnology Co., Ltd. Poloxamer 188 (F68; MW 8,350±1,000) was obtained from Shanghai Yuanye Biotechnology Co., Ltd. Sephadex G-50 (catalog no 9048-71-9) was purchased from Pharmacia Biotechnology Co., Ltd. Tween-80 was manufactured by Beijing Soledad Science and Technology Co., Ltd. RPMI-1640, supplemented with 10% fetal bovine serum (FBS; both Thermo Fisher Scientific, Waltham, MA, USA), penicillin 100 IU/mL, and streptomycin 100 IU/mL, was used for cell culture and as a diluent for drug and nanospheres. Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich Co., St Louis, MO, USA) was used for the colloidal stability study. MTT, phytohemagglutinin (PHA), and lipopolysaccharide (LPS) were purchased from Sigma-Aldrich Co. Anti-CD3e-PE-Cyanine5, anti-CD4-FITC, and anti-CD8a-PE antibodies were supplied by eBioscience Inc. (San Diego, CA, USA). Acetone, dimethyl sulfoxide, phenol, sodium chloride, and other chemicals were of analytical grade and used without further purification.

Preparation and evaluation
--------------------------

### Preparation

PHYP was synthesized by double emulsion solvent evaporation as described previously[@b30-ijn-11-4891] ([Figure 1](#f1-ijn-11-4891){ref-type="fig"}). In brief, the internal aqueous phase (IAP; containing weighed PHY) was emulsified into the organic phase (consisting of the desired concentration of PLA solution in acetone) by magnetic stirring. The resulting primary emulsion (W/O) was added dropwise into the external aqueous phase (EAP; consisting of the required concentration of F68 \[used as an emulsifier and stabilizer\] in deionized water) and then mixed completely by vortex for preparation of nanospheres. The resulting dispersion (W/O/W) was subjected to rotary evaporation under reduced pressure to remove the highly volatile organic solvent (acetone) and form a colloidal solution. The concentrated nanospheres were subjected to centrifugation (3,500 rpm for 8 minutes) to remove any nanospheres that were too large, and the supernatant (containing the smaller nanospheres) was collected for further assessment. For the in vitro release study, the supernatant was freeze-dried to obtain a free-flowing powder, which was stored at 4°C until use.

Sham particles were prepared using the same method without adding PHY to the IAP.

### Encapsulation efficiency

The amount of PHY encapsulated in PLA nanospheres was determined by a modified microcolumn centrifugation method.[@b31-ijn-11-4891] First, Sephadex G-50 powder was soaked in 0.9% NaCl overnight until completely swollen. Then, a filter pad was inserted into a 2 mL syringe that had been out of piston, and the swollen Sephadex G-50 was carefully added dropwise into it, taking care to ensure the removal of bubbles in the column. The loaded column was centrifuged at 1,500 rpm for 5 minutes to remove excess water. The 0.6 mL nanosphere suspension was added slowly and carefully into the prepared column, which was then centrifuged at 1,500 rpm for 5 minutes. The unencapsulated PHY was adsorbed to the gel inside the column, while the PHYP nanospheres passed through the column and were collected for analysis. The vitriol--phenol method was used to quantitatively assay the accurate content of encapsulated PHY by ultraviolet/visible light spectroscopy at 490 nm. Encapsulation efficiency (EE) was calculated using the following equation: $$\text{EE}\left( \% \right) = \frac{\text{Ce}}{\text{Ct}} \times 100$$where Ce is the amount of encapsulated PHY and Ct is the total content of the drug. All analyses were carried out in triplicate.

Optimization experiments and methods
------------------------------------

### One-variable-at-a-time experiments

PHYP nanospheres were prepared as described earlier. In this experiment, the EE was considered as the evaluation indicator. The impact of other investigated factors (concentration of F68, concentration of PLA, ratio of drug to PLA, and ratio of primary emulsion to EAP) on EE in the one-variable-at-a-time experiments was assessed.

### Optimization conditions by RSM

Based on the results of the preliminary single factor experiments for PHYP nanospheres preparation, a three-variable--three-coded level BBD that had a significant influence on EE was used for RSM to obtain the optimal processing parameters. The variables considered were concentration of F68 (w/v), concentration of PLA (mg/mL), and ratio of PLA to drug (w/w), which were termed X1 (A), X2 (B), and X3 (C), respectively. The levels of each variable were designated as the coded terms −1, 0, and +1, respectively. For developing the model, the response values were set so that X1 (A) ranged from 0.1 to 0.5, X2 (B) ranged from 30 to 70, and X3 (C) ranged from 7 to 11, which corresponded to the three coded terms. The whole design was composed of 17 experiments carried out in a random order, including five replicates (treatments 13--17) at the center point for estimation of a pure error sum of squares.

The optimized conditions were predicted, and the data were disposed by Design Expert Version 8.06 software and then fitted to an empirical second-order polynomial regression model, as shown in the following quadratic equation: $$Y = A_{0} + {\sum_{i = 1}^{3}{A_{i}X_{i}}} + {\sum_{i = 1}^{3}{A_{ii}X_{i}}} + {\sum{\sum_{i < j = 1}^{3}{A_{ij}X_{i}X_{j}}}}$$where *Y* is the predicted response for dependently measured variable, *A*~0~ is a constant, and *A~i~*, *A~ii~*, and *A~ij~* are coefficients estimated by the model, while *X~i~* and *X~j~* correspond to the independent variables that represent the linear, quadratic, and cross product effects of the *X*~1~, *X*~2~, and *X*~3~ factors (*i*≠*j*). In response, the effects of each independent variable were assessed by the model. Analysis of variance (ANOVA) was used to investigate the statistical significance of the regression coefficients, based on the total error criteria with a confidence level of 95% (*P*\<0.05).

Characterization
----------------

The size (hydrodynamic diameter), size distribution (polydispersity index \[PDI\]), and zeta potential (surface charge) of the nanospheres were measured by dynamic light scattering using a dispersion unit (Hydro2000Mu) and size analyzer (MAL10091170; both Malvern Instruments, Malvern, UK). Freshly prepared PHYP and PLA nanosphere suspensions were measured under exactly the same temperature and humidity conditions in order to reduce deviation as far as possible.

The surface morphology of PHYP nanospheres were visualized using a transmission electron microscope (Model H-7650, Philips Co., Ltd, Holland, the Netherlands). A drop of the loaded or empty nanosphere dispersion was placed in the form of a thin film on a carbon-coated copper grid and then negatively stained with 1% (w/v) phosphotungstic acid solution. The excess solution was removed using filter paper, and grids were air-dried prior to observation.

In vitro drug release
---------------------

In vitro PHY release from PHYP nanospheres was evaluated by equilibrium dialysis as described previously.[@b32-ijn-11-4891] To meet the suitable sink condition, phosphate-buffered saline (PBS, pH=7.4) containing 0.1% (v/v) Tween-80 was chosen as the release medium. In brief, the freeze-dried powders of PHY and PHYP were separately weighed and resuspended in 1 mL release solution, and both were added into a separate dialysis bag (molecular weight cutoff of 3,500 Da). The tightly sealed bags were then immersed into 30 mL medium in a conical flask, and the whole system was incubated in a water bath at 37°C with a shaking speed of 100 rpm. At predetermined time intervals (2, 4, 6, 8, 10, 12, 24, 48, 72, and 96 hours), 0.5 mL aliquots of the incubation medium were withdrawn and replaced by an equal volume of fresh solution. The aliquots were quantitatively measured at 490 nm using a ultraviolet--visible light spectrometer. Data represent mean ± standard error of the mean (SEM) of triplicate measurements.

Colloidal stability
-------------------

To assay the in vitro colloidal stability of nanospheres, they were divided into the following several groups using different media as the diluent prior to measurement, containing equivalent fresh nanosphere solution: Group 1: blank PBS (pH=7.4); Group 2: PBS (pH=7.4) containing 10% FBS; Group 3: blank DMEM (pH=7.4); Group 4: DMEM (pH=7.4) containing 10% FBS; and Group 5: deionized water (control). Samples were incubated in a rotating water bath at 37°C and 90 rpm, and nanosphere size was measured at 3 hours and 12 hours using the same procedure as described earlier. The results were reported as mean ± SEM (n=3).

In vitro lymphocyte study
-------------------------

### Mouse lymphocyte preparation

Nonimmunized ICR mice (4--6 weeks of age) were killed, and the spleens were transferred aseptically to Petri dishes, then cut into small pieces, minced, and pressed through a stainless steel mesh (200 mesh) prewetted with PBS (pH =7.4). Homogeneous cell suspensions were collected, and then the red blood cells were removed by adding 0.83% NH~4~Cl in 0.01 M Tris/HCl (pH =7.2), and cells were washed twice with PBS. Finally, the density of cell suspension was set at 5.0×10^6^ cells/mL in complete RPMI-1640 medium, which was supplemented with 10% FBS and 100 IU/mL penicillin and 100 IU/mL streptomycin. The intended colloidal solutions (PHYP, PLA, and PHY) were sterilized by autoclaving prior to the experiments.

All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and followed the guidelines of the animal Welfare Act. All animal experiments were approved by the Nanjing Agricultural University Animal Care Committee.

### Cytotoxicity assay

The cytotoxic effects of empty PLA nanospheres and free or encapsulated PHY were evaluated by MTT assay to determine the safe dose for cells. Cells cultured in serum-free RPMI-1640 medium were used as the control. Freshly prepared lymphocytes were seeded into 96-well transparent plates at 100 µL/well, and incubated with 100 µL of PHYP, PLA, or PHY solution at different concentrations (produced by the double dilution method). All sealed plates were cultivated at 37°C in a humidified atmosphere with 5% CO~2~ for 48 hours. The reaction was stopped by dissolving the formazan crystals by 100 µL/well of dimethyl sulfoxide, which generated owing to an addition of 30 µL MTT solution (5 mg/mL). The plates were vibrated for 10 minutes until complete dissolution was obtained. Quantification measurements (optical density) were obtained by spectrophotometric analysis at a wavelength of 570 nm. A reduction in optical density indicated a reduction in cell viability, compared to cells incubated in control medium (considered as 100% cell viability). For the three colloidal solutions, drug concentrations corresponding to cell viability of \>75% were considered safe and used for the proliferation assay.

### Lymphocyte proliferation assay

The effects on proliferation of lymphocytes stimulated by free PHY, PHYP, and blank PLA nanospheres were also assessed using the MTT method. For the assay, aliquots (80 µL) of freshly isolated cells were plated into 96-well microplates, and then 20 µL of PHA or LPS (both at 10 µg/mL final concentration) were added as T-cell or B-cell mitogens, respectively, and the cells were treated with 100 µL PHYP, PHY, or PLA at five different concentrations (3.906, 7.813, 15.625, 31.25, and 62.5 µg/mL) chosen from the safe concentration range obtained by the cytotoxicity assay. Each concentration in each group was repeated four times. Controls were prepared by substituting equivalent drug-free RPMI-1640 (drug control) and empty nanospheres (blank control). The plates were incubated under standard culture conditions in a humidified incubator at 37°C and 5% CO~2~ for 48 hours. The procedures that followed were similar to those described earlier for cytotoxicity evaluation. The *A*~570~ value was assigned as the index of proliferated consequence.

### Analysis of T-lymphocyte surface markers

The lymphocyte suspension was diluted to 3.0×10^6^ cells/mL, and then treated with 1 mL/well of PHYP nanospheres (final concentration of 31.25, 15.625, or 7.81 3 µg/mL), PHY (final concentration of 31.25 µg/mL), empty PLA nanospheres, or free PHA (final concentration of 10 µg/mL) in 24-well culture plates. The treated cultures were prepared in triplicate and incubated at 37°C in 5% CO~2~, and then 48 hours later, aliquots of the cells were removed, washed, and incubated with a mixture of the anti-CD3e-PE-cyanine5, anti-CD4-FITC, and anti-CD8a-PE antibodies at 4°C in the dark. After incubation for 30 minutes, the stained cells were washed twice with PBS and analyzed by flow cytometry (FACS Calibur; BD Biosciences, San Jose, CA, USA). Cells incubated with PHA were used as the positive control, and cells incubated without any treatments were used as the negative control. The data were analyzed by FlowJo 7.6 software.

Statistical analysis
--------------------

All experimental results were reported as mean values (n=3) with their corresponding SEM. The optimal preparation conditions for PHYP nanospheres were evaluated by Design Expert Version 8.06, and the data from the BBD analysis were subjected to regression analysis to obtain the mathematical parameters of the model, which plotted the three-dimensional response surfaces. The results were analyzed by one-way ANOVA. All analyses were performed using IBM SPSS Statistics 20.0 software. *P*\<0.05 was considered statistically significant.

Results
=======

Impact of four individual factors on EE of PHYP nanospheres
-----------------------------------------------------------

As shown in [Figure 2A](#f2-ijn-11-4891){ref-type="fig"}, F68 (w/v) was used at concentrations of 0.1%, 0.3%, 0.5%, and 0.7%, while the other controllable preparation conditions of PHYP nanospheres were held at a constant level. The results revealed that the most suitable concentration of F68 was 0.3%, which was used for later experiments.

[Figure 2B](#f2-ijn-11-4891){ref-type="fig"} shows that the concentrations of PLA used were 30, 50, 70, and 90 mg/mL, while the other controllable preparation conditions of PHYP nanospheres were held at a constant level. The most suitable concentration of PLA was found to be 50 mg/mL, and this was used in later experiments.

As shown in [Figure 2C](#f2-ijn-11-4891){ref-type="fig"}, four ratios of drug to PLA (1:5, 1:7, 1:9, and 1:11) were used, while the other controllable preparation conditions of PHYP nanospheres were held at a constant level. The results revealed that the most suitable ratio of drug to PLA was 1:9, which was used in later experiments.

As shown in [Figure 2D](#f2-ijn-11-4891){ref-type="fig"}, the four ratios of primary emulsion to EAP were 1:6, 1:8, 1:10, and 1:12, while the other controllable preparation conditions of PHYP nanospheres were held at a constant level. The most suitable ratio of primary emulsion to EAP was found to be 1:10, which was used in later experiments.

Statistical analysis and model fitting of PHYP response
-------------------------------------------------------

RSM was conducted in order to determine the concentration of F68 (w/v), concentration of PLA (mg/mL), and ratio of PLA to drug (w/w). As presented in [Table 1](#t1-ijn-11-4891){ref-type="table"}, the experimental design and the observed and predicted response values were obtained in a random order to minimize the effects of uncontrolled factors. The EE of PHYP nanospheres ranged from 34% to 58.3%, and reached a maximum with an F68 concentration (w/v) of 0.33%, a PLA concentration of 30 mg/mL, and a PLA-to-drug ratio (w/w) of 10.25:1.

Using multiple regression analysis on the experimental data, the predicted response *Y* can be obtained by the following second-order polynomial equation: $$\begin{array}{l}
{Y = + 53.62 + 5.45X_{1} - 2.47X_{2} + 1.47X_{3}} \\
{\mspace{25mu} + 4.70X_{1}X_{2} + 2.40X_{1}X_{3} - 3.45X_{2}X_{3}} \\
{\mspace{25mu} - 7.69X_{1}^{2} + 1.42X_{2}^{2} - 4.24X_{3}^{2}} \\
\end{array}$$

As shown in [Table 2](#t2-ijn-11-4891){ref-type="table"}, ANOVA of the linear regression model demonstrated that the model was highly significant (*P*\>*F*, *P*\<0.0001). The *P*-values of F68 concentration (*P*\<0.0001), PLA concentration (*P*=0.0009), and PLA-to-drug ratio (*P*=0.0133) were all significant, suggesting that these factors greatly influenced the *Y*-values. The smaller the *P*-value, the larger the significance of the corresponding coefficient. The *F*- and *P*-values for lack of fit were 4.7 and 0.0845, respectively, which indicated that lack of fit was insignificantly relative to the pure error. The high determination coefficient (*R*^2^=0.9862) confirmed the goodness of fit of the model, suggesting that the sample variation of 98.62% for PHYP was attributable to the variable factors. The predicted *R*^2^ of 0.8233 was in reasonable agreement with the adjusted *R*^2^ of 0.9685. Both the predicted and adjusted *R*^2^-values indicated that the accuracy and general availability of the model were adequate.

Optimization of conditions for PHYP nanospheres preparation
-----------------------------------------------------------

To illustrate the correlations between the dependent and independent variables, three-dimensional response surface plots and two-dimensional contour plots were built based on the model equations mentioned earlier. [Figure 3A--E](#f3-ijn-11-4891){ref-type="fig"} shows three independent response surface plots and their respective contour plots, showing the interaction effects of these factors on the responses. The three-dimensional response surface represents the interactions between the two variables, while the other variables were fixed constant at their respective zero level.

With regard to the combined influence exhibited by both the F68 concentration (w/v) and the PLA concentration (mg/mL; [Figure 3A and B](#f3-ijn-11-4891){ref-type="fig"}), their reciprocal interaction on EE displayed a small but steady increase initially and then declined as the concentration of F68 increased, while a small amount of transformation was observed when the concentration of PLA was increased.

With regard to the combined influence exhibited by both the F68 concentration (w/v) and the PLA-to-drug ratio (w/w) ([Figure 3C and D](#f3-ijn-11-4891){ref-type="fig"}), their reciprocal interaction on EE showed a significant trend of first increase and then decrease, which implied strong interaction between these two variables.

With regard to the combined influence exhibited by both the PLA concentration (mg/mL) and the PLA-to-drug ratio (w/w; [Figure 3E and F](#f3-ijn-11-4891){ref-type="fig"}), their reciprocal interaction on EE indicated a weak interaction between these factors, which resulted in a nearly flat three-dimensional image.

The optimal conditions were identified as an F68 concentration (w/v) of 0.33%, a PLA concentration of 30 mg/mL, and a PLA-to-drug ratio (w/w) of 10.25:1, which resulted in the highest EE of 59.10%.

Characterization
----------------

As shown in [Table 3](#t3-ijn-11-4891){ref-type="table"}, production of PLA nanospheres with or without PHY in their core resulted in almost the same particle size of 245 nm in diameter, and the PDI was low, indicating a homogeneous size distribution ([Figure 4A and B](#f4-ijn-11-4891){ref-type="fig"}). The zeta potential values were negative for both, with the value for PHYP nanospheres being slightly lower. These negative values may be the consequence of ionized groups from the emulsifier layer being present on the surface of the nanospheres.[@b33-ijn-11-4891],[@b34-ijn-11-4891] The surface morphology of PHYP and PLA nanospheres was assessed by transmission electron microscopy ([Figure 4C and D](#f4-ijn-11-4891){ref-type="fig"}). The nanospheres displayed a spherical shape with a smooth surface and uniform size, but the particle sizes were smaller than those predicted ([Table 3](#t3-ijn-11-4891){ref-type="table"}). This may be due to the hydration shell encircling the nanospheres. In addition, both PHYP and PLA nanospheres had similar particle sizes ([Table 3](#t3-ijn-11-4891){ref-type="table"} and [Figure 4A and B](#f4-ijn-11-4891){ref-type="fig"}).

These characterizations indicated that both PHYP and PLA nanospheres appeared to have similar surface morphology, size, size distribution, and zeta potential, suggesting that encapsulating PHY into PLA did not affect the physical properties of the PLA nanospheres.

In vitro drug release
---------------------

In vitro drug release profiles of free PHY only and of PHY released from PHYP nanospheres in medium are shown in [Figure 4E](#f4-ijn-11-4891){ref-type="fig"}. The whole experiment was evaluated over 96 hours. As shown in the case of the PHYP nanospheres, there was an initial burst release in the first 12 hours then over the following time, the curve became more slight and sustained. At the end of 96 hours, the growth trend reached a plateau. In contrast, without nanospheres, ∼96.1% of the free PHY was released during the first 10 hours, showing that PHY incorporated in PLA displayed a considerably slower release rate than PHY only. This is called the retardant effect, which may be ascribed to stabilization of molecules in the EAP of nanospheres.

Colloidal stability
-------------------

The colloidal stability of PHYP nanospheres in different media is shown in [Figure 4F](#f4-ijn-11-4891){ref-type="fig"}. There was no distinct variation in nanosphere size in Group 1 (PBS), Group 3 (DMEM), or Group 5 (control) at 3 hours and 12 hours, suggesting that these nanospheres are relatively stable, which may account for the comparatively low release of PHY during the first 12 hours. Both PBS (Group 2) and DMEM +10% FBS (Group 4) produced an apparent and significantly different increase in PHYP size at 3 hours and 12 hours. The presence of enzymes in the plasma was the major reason for this. It was speculated that the lipase in plasma could accelerate degradation of the polymer nanospheres. The PHYP nanospheres size appeared to be more stable in Group 4 compared with Group 2, implying that when used for cell culture, PHYP nanospheres can be maintained at a relatively stable state during the initial release stage in DMEM + 10% FBS.

Evaluation of lymphocyte study
------------------------------

### Cytotoxicity assay

The cytotoxicity of PHYP, PHY, and PLA was assessed by MTT assay after incubating each of them with freshly prepared lymphocytes for 48 hours. The cell viability results are presented in [Figure 5A](#f5-ijn-11-4891){ref-type="fig"}, and indicated that the cytotoxicity of all three treatments increased gradually as the concentrations increased. Compared with the other two groups (PHY and PLA), the cell viability of the PHYP group signified a highest--lowest trend. It was found that the cytotoxicity of PHYP, PHY, and PLA all showed similar dose--response effects. The concentrations corresponding to cell viability of \>75% were 62.5 µg/mL (31.25 µg/mL of final concentration) and lower, which were designated as safe concentrations with comparatively low cytotoxicity against lymphocytes. The obtained concentrations supplied the rationale for the proliferation assay that followed.

### Lymphocyte proliferation assay

Proliferation of splenic lymphocytes is a crucial indicator of immune response, especially cellular immune function; therefore, proliferation of lymphocytes treated with blank PLA and free or nanosphere-loaded PHY at a series of concentrations based on the cytotoxicity assay was evaluated.

[Figure 5B](#f5-ijn-11-4891){ref-type="fig"} shows the impact of drug stimulation on lymphocyte proliferation in concert with PHA. In comparison with the other groups at all concentrations, PHYP nanospheres exhibited significantly greater *A*~570~ values (*P*\<0.05), except at concentrations of 15.625 and 31.25 µg/mL. The *A*~570~ values of PHY were significantly higher than those of PLA, the PHA control, and blank control (*P*\<0.05) and reached the highest values at 15.625 and 31.25 µg/mL. Differentiation of lymphocytes in the PLA group was observed only at higher concentrations (*P*\<0.05).

[Figure 5C](#f5-ijn-11-4891){ref-type="fig"} shows the impact of drug stimulation on lymphocyte proliferation in concert with LPS. The results were consistent with the results of the previous two experiments, in that the *A*~570~ values of PHYP nanospheres were the highest compared with the other four groups (*P*\<0.05). PLA demonstrated a significant difference (*P*\<0.05) from the PHY and LPS groups at 3.906, 7.813, and 62.5 µg/mL (PHY) and at 15.625 and 31.25 µg/mL (LPS).

In synergistic stimulation with PHA or LPS, not only PHYP, PHY, and PLA but also the corresponding control groups of the five concentrations were significantly higher than blank control (*P*\<0.05). It was speculated that both T- and B-lymphocytes were activated by PHYP and PHY, and the immunological competence of the lymphocytes was significantly enhanced by encapsulated PHY but not by free PHY.

### Effect of CD4^+^/CD8^+^ ratio on T-lymphocytes

For the T-lymphocyte surface markers assay, cells were treated with PHY, empty PLA nanospheres, PHA, and serial concentrations of PHYP nanospheres for 48 hours prior to assessment by flow cytometry. Given that in vitro T-cell activation augments CD3 expression, the CD3 population was selected as the positive expression population, and subgated for CD4 or CD8 expression. The ratio of CD4^+^ to CD8^+^ T-cells was evaluated. The percentage of CD4^+^ T-cells and CD8^+^ T-cells during treatment with several concentrations of PHYP and in the other compared groups is presented in [Figure 5](#f5-ijn-11-4891){ref-type="fig"}. [Figure 5D and E](#f5-ijn-11-4891){ref-type="fig"} shows that the PHYP group had a significantly higher ratio of CD4^+^ to CD8^+^ T-cells than the control groups (except the positive control) for three concentrations (*P*\<0.05). In addition, PHYP nanospheres at 15.625 µg/mL revealed the highest specific value, which was significantly greater than that for PHY (*P*\<0.05).

Discussion
==========

This study analyzed the optimal preparation conditions for PHYP nanospheres by RSM, evaluated several characteristics of the nanospheres, explored their release properties and stability, and discussed their effects on splenic lymphocytes.

Because the one-variable-at-a-time experiment has the disadvantages of neglecting interactive effects between variables and of consuming large amounts of reagents and materials, RSM was used for later preparation assays. As shown in [Figure 1](#f1-ijn-11-4891){ref-type="fig"}, the specific preparation process for PHYP was obtained by the one-variable-at-a-time method, and then optimized by RSM. The optimal preparation conditions were identified as an F68 concentration (w/v) of 0.33%, a PLA concentration of 30 mg/L, and a ratio of PLA to drug (w/w) of 10.25:1, which obtained the highest EE of 59.0985%. These conditions were then used to prepare PHYP nanospheres prior to other assessments.

Various investigations have shown that drug-loaded PLA nanospheres present defined features in terms of biocompatibility, dimensions, high loading, and ability for controlled release.[@b35-ijn-11-4891],[@b36-ijn-11-4891] The immune response might be influenced by particle size, surface charge, and drug release, which may be attributed to the interaction between the cell and particle during cellular uptake.[@b37-ijn-11-4891],[@b38-ijn-11-4891] [Table 3](#t3-ijn-11-4891){ref-type="table"} and [Figure 4](#f4-ijn-11-4891){ref-type="fig"} show that the PHYP nanospheres had a spherical shape with smooth surface and narrow size distribution. Meanwhile, the properties of the PHYP colloid were generally stable ([Figure 4F](#f4-ijn-11-4891){ref-type="fig"}), and the drug release of PHYP nanospheres compared with PHY was also shown to be controllable ([Figure 4E](#f4-ijn-11-4891){ref-type="fig"}).

T- and B-cells comprise the splenic lymphocytes, and evaluation of their proliferation is the most direct indicator of cellular immune function. It has been shown that CD4^+^ helper/inducer and CD8^+^ cytotoxic/suppressor T-lymphocytes display different effector functions, while CD4 and CD8 molecules are coreceptors involved in immune activation and regulation.[@b39-ijn-11-4891],[@b40-ijn-11-4891] The CD4^+^:CD8^+^ ratio is regarded as an important factor in determining immunity states and levels and has been used for diagnosing sarcoidosis.

PLA nanospheres have been identified as a promising vaccine carrier because they can potentially deliver antigens or drugs to the desired locations at predetermined rates and durations to generate an expected immune response.[@b41-ijn-11-4891] In the present study, lymphocytes were incubated isolated from mouse spleen with concentrations of PHYP nanospheres previously determined to be in the safe range ([Figure 5A](#f5-ijn-11-4891){ref-type="fig"}). The obtained concentrations were selectively used to assess lymphocyte proliferation, while the T- and B-cells were separately measured synergistically with PHA and LPS ([Figure 5B and C](#f5-ijn-11-4891){ref-type="fig"}). PHYP nanospheres revealed a marked influence on the CD4^+^:CD8^+^ ratio compared with the PHY and control group ([Figure 5D and E](#f5-ijn-11-4891){ref-type="fig"}).

There are no reports of PHY encapsulated in PLA nanospheres in the literature on drug-loaded PLA nanospheres. The results of the present study concluded that PHYP is able to act as a novel delivery tool for improving the immune functions of organisms. These data may provide direct evidence and a rationale for the potential clinical application of PHYP nanospheres. Because the immune response is a multistep programmed process, mainly including dendritic cell recruitment, antigen presentation, and T-cell activation, the mechanism of how PHYP nanospheres function between the lymphocytes and antigen-presenting cells and whether PHYP nanospheres can act as a potent adjuvant for vaccines in vivo are subjects for further study.

Conclusion
==========

This study successfully prepared uniformly sized PHYP nanospheres and assessed the preparation conditions by RSM, which identified the optimal preparation conditions as an F68 concentration (w/v) of 0.33%, a PLA concentration of 30 mg/mL, and a PLA-to-drug ratio (w/w) of 10.25:1, which obtained the highest EE of 59.10%. As PLA has previously reported to serve as a drug delivery system, this study developed PHYP nanospheres as an adjuvant to enhance cellular immune responses. It was concluded that PHYP nanospheres produced a sustained release rate of drug, which at concentrations within the previously identified safe range had an evident effect on splenic lymphocyte proliferation and the CD4^+^:CD8^+^ T-cell ratio. In brief, these findings suggest PHYP nanospheres as a novel formulation for a drug delivery system, and its wider application should be studied further.
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![Schematic illustration of the fabrication process of PHYP and empty PLA nanospheres.\
**Note:** The formulations were prepared by the double emulsion solvent evaporation method and stored at 4°C prior to usage.\
**Abbreviations:** PHYP, pachyman-loaded poly([d,l]{.smallcaps}-lactic acid); PLA, polylactide; PHY, pachyman; IAP, internal aqueous phase; OP, organic phase; EAP, external aqueous phase.](ijn-11-4891Fig1){#f1-ijn-11-4891}

![The impact of PHYP nanospheres of the concentration of F68 (w/v) (**A**), the concentration of PLA (mg/mL) (**B**), the ratio of drug to PLA (**C**), and the ratio of primary emulsion to EAP (**D**) on EE (%). Data are expressed as mean ± SEM (n=3).\
**Abbreviations:** PHYP, pachyman-loaded poly([d,l]{.smallcaps}-lactic acid); EE, encapsulation efficiency; PLA, polylactide; EAP, external aqueous phase; SEM, standard error of the mean.](ijn-11-4891Fig2){#f2-ijn-11-4891}

![(**A** and **B**) Three-dimensional response surface and two-dimensional contour plots representing **A**: the concentration of F68, **B**: the concentration of PLA, and their reciprocal interaction on EE (%). (**C** and **D**) Three-dimensional response surface and two-dimensional contour plots representing **A**: the concentration of F68, **C**: ratio of PLA to drug, and their reciprocal interaction on EE (%). (**E** and **F**) Three-dimensional response surface and two-dimensional contour plots representing **B**: the concentration of PLA, **C**: ratio of PLA to drug, and their reciprocal interaction on EE (%).\
**Abbreviations:** PLA, polylactide; EE, encapsulation efficiency; PHY, pachyman.](ijn-11-4891Fig3){#f3-ijn-11-4891}

![Characterization of PHYP and PLA nanospheres.\
**Notes:** Particle size distribution and transmission electron microscopy (TEM) photographs of PHYP (**A**, **C**) and PLA (**B**, **D**). (**E**) Profile of PHY released from PHYP nanospheres or circulating as a free drug (reference group) in PBS (pH 7.4) containing 0.1% (v/v) Tween-80 at 37°C. (**F**) Colloidal stability of PHYP nanospheres in different media at 3 hours and 12 hours (**F**). Scale bar (**C**, **D**) represents 100 nm or 200 nm. Data are given as mean ± SEM (n=3).\
**Abbreviations:** PHYP, pachyman-loaded poly([d,l]{.smallcaps}-lactic acid); PLA, polylactide; PBS, phosphate-buffered saline; FBS, fetal bovine serum; SEM, standard error of the mean; EE, encapsulation efficiency; DMEM, Dulbecco's Modified Eagle's Medium.](ijn-11-4891Fig4){#f4-ijn-11-4891}

###### 

Freshly prepared lymphocytes were seeded in transparent plates, incubated with PHYP, PLA, or PHY solutions at different concentrations, and cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 48 hours.

**Notes:** (**A**) The cytotoxic activity of different nanosphere formulations on lymphocytes was measured by MTT assay and calculated as cell viability (% of control). (**B** and **C**) Lymphocyte proliferation assay on synergistic stimulation with PHA (*A*~570~) (a--e) (**B**) and LPS (*A*~570~) (a--d) (**C**) was also evaluated by MTT assay. Bars in the figure with different letters were significantly different (*P*\<0.05). (**D** and **E**) T-lymphocyte surface markers were analyzed by flow cytometry on cells stained with antibodies, and expressed as the ratio of CD4^+^/CD8^+^ T-cells (a--e). Data represent mean ± SEM of triplicate experiments (n=3).

**Abbreviations:** PHYP, pachyman-loaded poly([d,l]{.smallcaps}-lactic acid); PLA, polylactide; PHY, pachyman; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LPS, lipopolysaccharide; SEM, standard error of the mean.

![](ijn-11-4891Fig5)

![](ijn-11-4891Fig5a)

###### 

The design and results of the Box--Behnken design experiments

  No   Levels of independent factors   Response: EE (%)               
  ---- ------------------------------- ------------------ ---- ------ -------
  1    0.1                             30                 9    50.3   49.07
  2    0.5                             30                 9    50.2   50.58
  3    0.1                             70                 9    35.1   34.73
  4    0.5                             70                 9    53.8   55.02
  5    0.1                             50                 7    36.9   37.18
  6    0.5                             50                 7    44.6   43.28
  7    0.1                             50                 11   34     35.33
  8    0.5                             50                 11   51.3   51.03
  9    0.3                             30                 7    47.4   48.35
  10   0.3                             70                 7    50.2   50.3
  11   0.3                             30                 11   58.3   58.2
  12   0.3                             70                 11   47.3   46.35
  13   0.3                             50                 9    54.8   53.62
  14   0.3                             50                 9    53.6   53.62
  15   0.3                             50                 9    52.6   53.62
  16   0.3                             50                 9    53.7   53.62
  17   0.3                             50                 9    53.4   53.62

**Abbreviation:** EE, encapsulation efficiency.

###### 

ANOVA for response surface quadratic model

  Source            Sum of squares   *df*   Mean square   *F*-value   Probability \>*F*
  ----------------- ---------------- ------ ------------- ----------- --------------------------
  Model             804.99           9      89.44         55.61       \<0.0001 (significant)
  A                 237.62           1      237.62        147.75      \<0.0001
  B                 49               1      49            30.47       0.0009
  C                 17.4             1      17.4          10.82       0.0133
  AB                88.36            1      88.36         54.94       0.0001
  AC                23.04            1      23.04         14.33       0.0068
  BC                47.61            1      47.61         29.6        0.001
  A^2^              248.67           1      248.67        154.62      \<0.0001
  B^2^              8.43             1      8.43          5.24        0.0558
  C^2^              75.52            1      75.52         46.95       0.0002
  Residual          11.26            7      1.61          --          --
  Lack of fit       8.77             3      2.92          4.7         0.0845 (not significant)
  Pure error        2.49             4      0.62          --          --
  Corrected total   816.25           16     --            --          --

**Note:** *R*^2^=0.9862, *R*~Adj~^2^=0.9685, *R*~Pred~^2^=0.8233.

**Abbreviations:** ANOVA, analysis of variance; *df*, degrees of freedom; *R*~Adj~^2^, adjusted *R*^2^; *R*~Pred~^2^, predicted *R*^2^.

###### 

Characterization of PHYP and PLA nanospheres

  -----------------------------------------------------------------------
  Nanospheres   Particle size\   Polydispersity index   Zeta potential\
                (nm)                                    (mV)
  ------------- ---------------- ---------------------- -----------------
  PHYP          247.0±3.76       0.101±0.009            −22.2±0.24

  PLA           243.6±3.08       0.072±0.020            −18.3±0.69
  -----------------------------------------------------------------------

**Note:** Data represent mean ± SEM (n=3).

**Abbreviations:** PHYP, pachyman-loaded poly([d,l]{.smallcaps}-lactic acid); PLA, polylactide; SEM, standard error of the mean.
